ABSTRACT
Conclusions:
The elective provided a resident training experience that was highly regarded and exposed residents to an area of laboratory medicine not encountered in most pathology training programs. Our curriculum could serve as a model for establishing a similar elective in other training programs.
Virtually all hospitals send tests to outside commercial reference laboratories. In a previous study from the Massachusetts General Hospital, we reported that reference laboratory testing comprised 1.0% of our test volume, 65.7% of our test menu, and 12.4% of our total laboratory costs. 1 Between 1995 and 2006, our reference laboratory menu increased from 510 to 1,287 tests, 2 a trend that continues to this day. Commercial reference laboratories serve a diverse set of clients depending on their size, test menu, and operational logistics. Reference laboratories include highly specialized facilities that perform a limited menu of esoteric tests and larger facilities such as regional and national reference laboratories offering comprehensive testing services. National reference laboratories typically perform routine and esoteric tests for outpatient physician practices and serve as reference laboratories performing low-volume and esoteric tests for hospital-based laboratories. Hospital-based laboratories perform high-volume automated testing, tests that are turnaround time dependent, and esoteric tests where there is sufficient volume to perform the in-house test based on a "make or buy" analysis. Compared with large national reference laboratories, the menu of tests performed even in large academic medical center laboratories is relatively modest. 1, 2 Although there are many similarities between hospital-based and reference laboratories, unique aspects of each make them fundamentally different from the perspective of core competencies, operations, and logistics.
Pathology resident training in clinical pathology includes rotations in chemistry, hematopathology, microbiology, transfusion medicine, and other specialized laboratories such as histocompatibility testing and molecular genetics. The curriculum also includes laboratory management, informatics, and various electives. Residents are trained in laboratory medicine and learn the necessary administrative, financial, regulatory, and other knowledge/skill sets that are required to become laboratory directors. Despite the significant impact that commercial reference laboratories have on the field of laboratory medicine, the exposure of most clinical pathology residents to these laboratories is usually limited. To address this deficiency in our training programs, we partnered with a commercial reference laboratory (Quest Diagnostics, Marlborough, MA) to develop a reference laboratory elective as part of our training program. In this report, we describe the goals of the elective and the curriculum and provide feedback from 10 residents who chose to participate in the elective.
Materials and Methods

Design of the Elective Rotation
The reference laboratory elective was established in partnership with the chief medical officer and medical directors of the Quest Diagnostics Marlborough Laboratory in Marlborough, Massachusetts. The Quest medical directors worked directly with two clinical pathologists at the Massachusetts General Hospital (K.L.) and Brigham and Women's Hospital (S.E.F.M.) on curriculum development and elective planning. The individual components of the elective are shown in ❚Table 1❚. Some components were added to the elective after the initial rotation, as shown at the bottom of 
Description of the Quest Diagnostics Marlborough Laboratory
The Quest Diagnostics Marlborough Laboratory is a 220,000-square-foot facility located in central Massachusetts that serves as the northeastern regional laboratory facility for Quest Diagnostics. The laboratory receives specimens from various clients, including hospital reference laboratory testing and outpatient physician offices. Outpatient specimens are also collected at over 200 patient service centers across the region. The laboratory was formed as part of collaboration with the UMass Memorial Medical Center and acts as the main laboratory for the University of Massachusetts/Memorial Medical Center. The facility provides comprehensive laboratory services, including chemistry, toxicology, endocrinology, hematology, microbiology, molecular diagnostics, anatomic pathology, and cytogenetics. The main laboratory is highly automated using a custom-designed specimen track system that connects many of the laboratory instruments in a continuous line terminating in a specimen storage facility with the capability for automated robotic retrieval of specimens.
The rotation consisted of 4 days of onsite activities at Quest Diagnostics. Residents participated in 1:1 interactions with various Quest Diagnostics representatives, including laboratory medical directors, senior Quest executives, business representatives, and a variety of laboratory technical leads (managers and supervisors). Specific activities included didactic content, interactive conversations, and tours of the facility with an approximate total contact time of 30 hours.
Solicitation of Feedback From Resident Physician Participants
Ten residents from three training programs (Massachusetts General Hospital, Brigham and Women's Hospital, and UMass Memorial Medical Center) who attended the elective were asked to formally evaluate the elective by filling out structured forms. The median number of months in clinical pathology training was 6 (range, 1-28). One form solicited a numerical evaluation of the individual topics covered in the elective on a Likert scale of 1 (poor) to 5 (excellent) ( Table 1 ) similar to that used by Horowitz et al. 4 The other form solicited an evaluation of the elective as a whole using several open-ended free-text questions. Some residents could not attend all sessions due to scheduling issues or did not rank some components of the curriculum (eg, opening ceremonies). CME, continuing medical information; EMR, electronic medical record; LIS, laboratory information system; PSC, patient service center; QMS, quality management system; R&D, research and development; RFP, request for proposals. a Scores reflect resident rankings on a scale of 1 (poor) to 5 (excellent). Table 1 shows the curriculum for the 4-day reference laboratory elective rotation and the mean resident evaluation scores of each rotation component. The average resident "score and the range of scores are shown. Individual component scores ranged from a low of 3.5 to a high of 5.0 with an average component score of 4.5 (each component weighted equally). There was a consistently high ranking (≥4) for all components of the rotation except for "CME Requirements" (3.5) and "Human Resources" (3.8). Some of the topics are unique to a reference laboratory and would not ordinarily be experienced by pathology residents during their training (eg, business development, procurement, and commercial organization). Other topics are not unique, but residents may get minimal exposure during their training (eg, human resources, logistics, customer service, legal and compliance). Last, some topics are not unique to a reference laboratory (eg, microbiology, automation), but the reference laboratory differs in scope (eg, test menu) or in scale (eg, level of automation) from a typical academic medical center laboratory.
The residents' overall score for the entire elective was 4.49 (range, [4] [5] .
Specific comments to the open-ended questions are shown below, and our summary of the comments then follows. Some of the responses were edited for clarity or to maintain individual faculty anonymity.
What were the major strengths of the rotation?
"Exposure to facets of laboratory medicine not comprehensively covered during traditional pathology training." "Many of these departments such as finance or compliance are buried in the hospital administration but at Quest it is easier to understand how their activities directly support the function of the laboratory business." "Exposure to the operational considerations in such a large laboratory such as quality and process improvement and automation." "The rotation allowed us to see and hear firsthand the benefits of using a highly automated system to process specimens. We learned about the process of implementing the automation system from start to present time with an emphasis on how problems were identified and solved to yield a near-perfect system." "The tours were also a great part of the rotation as they allowed us to directly see the day-to-day operations and work environment and appreciate the immense volume and in turn coordination required to generate reliable results." "The sessions regarding the process of Quest becoming a UMass academic hospital lab were interesting in that they highlighted the differences between academic and commercial labs and the necessary adjustments a commercial lab must make to support an academic hospital. Before this rotation, I did not have a great understanding of the differences between a commercial lab and academic hospital lab."
"The major strength of the rotation is that we had a chance to see how a commercial lab functions. Pathology residents tend to have their training at academic centers. However, it is important to learn about the workflow of the commercial lab since the potential employment in such settings is always an option."
"Introducing the concepts of quality control and process improvement on the large scale."
What were the major weaknesses of the rotation?
"Long stretches of dense, didactic content which creates a risk for information overload. I think this is an inevitable feature of the attempt to exchange high volumes of information over a few short days." "There were no major weaknesses in the rotation, but I was interested in learning more about the quality improvement process. It would have been helpful to have a longer more detailed session with concrete examples of how to approach quality improvement ideas."
How could the rotation be improved?
"I have no major recommendations to improve the rotation-it is excellent as it is." "Minor suggestions would include: Mixing the lab tours in with the conference room sessions." "I might also recommend the option of a more extended, embedded experience for interested trainees following the introductory rotation (partnership on a research or clinical project in the reference laboratory environment)." "Arranging for us to attend one of the daily core operations meetings so that we can better understand how immediate issues are presented and addressed." "Some of the activities could take a form of case studies, much like the case-based lectures taught in business schools. Of note, Harvard Business School curriculum has a collection of cases that could serve as a model for designing the cases pertinent to running the laboratory." 4. Did the rotation give you exposure to an area of laboratory medicine you were not familiar with?
"Yes. The rotation provided exposure to a number of areas unique to the high-volume commercial reference laboratory (or at least areas with facets that are unique to the reference laboratory). Examples included outreach business development, large-scale automation, procurement, legal and regulatory compliance, revenue services, and IT infrastructure (client and patient portals, sample logistics)." "As a trainee in an academic clinical lab, I have not had much exposure to thinking about the laboratory as a business and a production line."
Any other comments
"This is a phenomenal training experience that all pathology trainees could benefit from and which I anticipate only a select few have exposure too. This was one of the most valuable experiences of my training."
Summary of Residents' Comments
1. What were the major strengths of the rotation? The residents' answers to this question centered on gaining exposure to a large commercial reference laboratory, including automation, commercial and business functions, and operations. The laboratory tours were mentioned as a strength by several residents.
What were the major weaknesses of the rotation?
Several residents commented that the rotation emphasized didactics and was therefore passive. Several residents suggested condensing the rotation or made suggestions to change or improve the curriculum (see also question 3). 3. How could the rotation be improved? Some residents made suggestions to improve or change the curriculum, including topics that could be expanded or possibly eliminated. 4. Did the rotation give you exposure to an area of laboratory medicine you were not familiar with? Most of the residents reported that the rotation provided them with exposure to areas of laboratory medicine that they were not familiar with. 5. Any additional comments: Additional comments were all very positive.
Based on the residents' responses to these questions and the numerical scores, the key objectives of the elective were successfully met. The Quest faculty were very enthusiastic about the elective as it provided them an opportunity to participate in resident training on an ongoing basis.
Discussion
Residents training in clinical pathology must assimilate a body of knowledge to prepare them to become laboratory directors. Virtually all hospitals use reference laboratories, and these facilities provide much of the test menu offered by hospital laboratories. 1, 2 For this reason, it is important for clinical pathology residents to have a firsthand exposure to a commercial reference laboratory. A general curriculum for training in laboratory management was outlined by Horowitz et al 4 based on a didactic approach to core management topics. Contract services, including couriers and reference laboratories, were included in the curriculum, but no further details concerning the content of the training were given. In contrast, our rotation was composed of an on-site experience over 4 days that included didactics and laboratory tours. The faculty comprised Quest medical directors and administrative personnel. Overall, the resident evaluations were excellent (mean, 4.49; range, 4.0-5.0). The written comments provided by the residents indicated that the key objectives for the elective were largely achieved. Some of the individual components of the elective achieved a maximum score of 5.0, whereas only two of the 32 components scored less than 4.0, indicating that the residents ascribed significant value to most components of the elective. One limitation of our data is that evaluations were only obtained from 10 residents.
Training experiences at a reference laboratory are not unique to our program as some programs (eg, Mayo Clinic and University of Utah) have long included this type of training. However, this is the first report to our knowledge of a detailed curriculum for a reference laboratory elective. At the Mayo Clinic (Brad Karon, MD, PhD, Mayo Medical Laboratories, personal communication, 2018), 5, 6 the residents rotate through many of the reference laboratory testing areas, including chemistry, microbiology, coagulation, molecular diagnostics, cytogenetics, transfusion medicine, and hematology, and take customer calls in selected laboratory areas. Laboratory management is taught separately in a leadership and management course. The arrangement is similar at the University of Utah (Johnathan Genzen, MD, PhD, ARUP Laboratories, personal communication, 2018). The residents are also embedded in the reference laboratory for all of their core rotations and take calls and participate in consultations with the medical directors. Therefore, in both cases, the residents are an integral part of the reference laboratory operation throughout their training. In contrast, in our elective, the residents are temporary visitors to the reference laboratory with no active role in the laboratory operation. While this is less optimal from a resident training perspective, it does provide our residents with firsthand exposure to a major reference laboratory.
Conclusion
Commercial reference laboratories provide an important component to the delivery of laboratory medicine services. Residents require knowledge of reference laboratory operations to become effective future leaders in laboratory medicine but may not receive this exposure in traditional training environments. An elective rotation is an effective mechanism for providing this necessary exposure, and one such rotation in our system has been well rated by our inaugural group of residents. We will continue to evolve this curriculum as we strive to meet this important and underserved educational need. We feel this model is replicable at many other institutions as academic medical centers all have reference laboratory partners, many with at least a partial footprint in the center's geography and representatives who would be inclined to work with trainees as the relationship between academic medical centers and commercial reference laboratories is mutually important. 
